Listeriolysin is a virulence factor that appears to be necessary for the intracellular survival of Listeria monocytogenes. As shown in this investigation, listeriolysin is produced in only small amounts by clinical isolates of L. monocytogenes belonging to the serogroup 1/2a, but its synthesis can be induced by heat shock and to a lesser extent by oxidative stress. In addition to about 15 heat shock proteins that appear to be common to L. monocytogenes and Listeria species that are nonpathogenic for humans, at least five heat shock proteins are specifically coinduced with listeriolysin in all L. monocytogenes strains under heat shock conditions but not in the other Listeria species. One type of L. monocytogenes mutant blocked in the expression of listeriolysin failed to synthesize several of these specific heat shock proteins.
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Listeria monocytogenes belongs to the facultative intracellular bacteria, which are able to replicate in professional phagocytes (macrophages and monocytes) and in nonprofessional phagocytic mammalian cells (3, 10, 15, 18) . The intracellular environment, especially that of phagocytes, imposes hostile conditions on invading bacteria. The diverse antibacterial factors include toxic oxidative products, lysosomal and granular proteins and peptides, low pH, and low levels of essential nutrients. It is therefore to be expected that intracellular bacteria such as L. monocytogenes require specific products to cope with intracellular stress conditions. The only known factor that is required for survival of L. monocytogenes within the mammalian host cell is listeriolysin (LisO). We have recently shown (20) that LisO is efficiently synthesized under heat shock conditions in two different strains of L. monocytogenes, both of which belong to the serotype 1/2a.
There is recent evidence that heat shock proteins (HSPs) may play an important role in infections by intracellular bacteria; HSPs are immunodominant antigens in infections by a number of invasive bacteria, including Mycobacterium tuberculosis, Mycobacterium leprae, Coxiella burnetti, and Legionella pneumophila (19, 21, 23) . The analysis of proteins specifically expressed by Salmonella species within macrophages has revealed a large set of proteins that includes two major HSPs, DnaK and GroEL (N. Buchmeier and F. Heifron, personal communication).
To study the putative role of stress proteins in intracellular survival of L. monocytogenes, we further analyzed the specific stress proteins of L. monocytogenes. All tested virulent strains of L. monocytogenes that belong to serogroup 1/2a exhibited similar patterns of HSPs, including several proteins that are specific for L. monocytogenes and that are not synthesized by nonvirulent Listeria species. One of the L. monocytogenes-specific HSPs in all tested strains was LisO, which was also efficiently synthesized under oxidative stress conditions. L. monocytogenes Svl/2a strains (referred to as strains 2 through 8) are clinical isolates obtained from different sources. Listeria strains were always grown in brain heart infusion (Difco Laboratories) at 37°C with aeration.
Labeling of HSPs. For heat shock experiments, 0.2 ml of an overnight culture was used to inoculate 10 ml of brain heart infusion. Bacteria were grown at 37°C to an optical density at 600 nm of 1.0. After centrifugation (8,000 rpm, 20 min, 4°C), the cell pellet was washed and then suspended in 5 ml of cold methionine assay medium (Difco). Cultures were incubated with shaking for 30 min at 48°C before the addition of 10 ,uCi of [35S]methionine (specific activity, 800 Ci/mmol) per ml. Labeling was carried out at the same temperature for another 30 min. The cells were harvested by centrifugation (6,000 x g, 20 min, 4°C), and the proteins from the supernatant were precipitated with trichloroacetic acid (final concentration, 7%) at 4°C. The cell pellet was washed twice with cold methionine assay medium and incubated with 100 [ul of lysozyme (3 (12) in a discontinuous system in 13% acrylamide gels. Gels were stained with Coomassie brilliant blue R250 and destained as described by Laemmli . The gels were then dried and exposed to X-ray film. For two-dimensional gel electrophoresis, the cells were disrupted by ultrasonic treatment, and the lysates were examined by the O'Farrell procedure (17) .
Immunoblotting. After SDS-polyacrylamide gel electrophoresis the proteins were transferred from the gel to nitrocellulose filters (BA 85; Schleicher & Schull) by the semidry electroblotting method of Kyhse-Andersen (11) .
The nitrocellulose filters were treated with serum from a horse that was hyperimmune to streptolysin 0 or anti-LisO antiserum as previously described (8) normal growth conditions (37°C), synthesize similar amounts of LisO under heat shock conditions. In addition, the other HSPs produced under these conditions are also similar in quality and quantity. We have extended this study to a series of other L. monocytogenes strains belonging to serotype 1/2a. All 1/2a strains (Fig. 1A, lanes 1 through 8) synthesized at 48°C a set of HSPs similar to those observed previously (20) . This HSP pattern always included the 58-kilodalton (kDa) protein, which was LisO as shown by immunoblotting with anti-LisO antiserum (Fig. 1B) . The immunoblot also indicated that all of these 1/2 a strains, with the exception of the reference strain Mackaness 1/2a (lane 1), produced very low levels of LisO at 37°C, which is in agreement with our previous observation (20) . Note (13) , and with a nonhemolytic L. innocua 6a strain.
One-dimensional SDS-polyacrylamide gel electrophoresis showed that these three nonpathogenic (for humans) Listeria species synthesized fewer HSPs (Fig. 2, lanes 2 through 4) than did L. monocytogenes (lanes 1 and 5). Most of these proteins seemed to correspond to HSPs that were also present in the HSP pattern of L. monocytogenes, but L. monocytogenes synthesized at least six additional HSPs, with sizes ranging from 108 to 17 kDa, that were absent in the other three Listeria species (marked with dots in Fig. 2 (14) . Both types of mutants are blocked in the transcription of the hlyA gene (14) . Since (Fig. 3A) . In addition to listeriolysin there were at least five proteins that were synthesized at a significantly reduced rate under heat shock conditions compared with the rate of the wild-type strain. In contrast, the patterns of proteins synthesized at 37°C in the wild-type and the mutant strains were indistinguishable with the exception of listeriolysin, which in L. monocytogenes 1/2a Mackaness is already derepressed at 37°C (20) . Two-dimensional gel electrophoresis of the HSPs of wild-type strain L. monocytogenes 1/2a, the mutant SLCC 53, and L. innocua Sv6a (Fig.  4) further demonstrated the absence of several HSPs in the mutant. All of these proteins were also absent in L. innocua, but L. innocua lacked even more HSPs than mutant SLCC 53 (Fig. 4) . This is obvious when the HSP patterns of the latter two strains are compared with that of the wild-type strain. These data suggest that a putative positive regulator that is defective in SLCC 53 controls a subset of HSPs in L L. monocytogenes 1/2a was obtained by pretreating the bacterial cells with 0.5 mM H202 during the logarithmic growth phase and challenging these cells with a final concentration of 30 mM H202 for 40 min. In strain L. monocytogenes EGD we could not observe a clear oxidative stress response. Some proteins were induced under the oxidative stress conditions in L. monocytogenes 1/2a (Fig. 5a) ; others continued to be synthesized at slightly elevated rates in the presence of H202. Listeriolysin belongs to the latter group of proteins, which were still efficiently synthesized and transported under the oxidative stress conditions (Fig. 5) . None of the H202-induced proteins seemed to represent catalase, since the catalase-negative mutant produced the same proteins as the wild-type strain 1/2a Mackaness (data not shown). In contrast to the L. monocytogenes 1/2a Mackaness strain, no clear response to oxidative stress could be obtained with L. monocytogenes 1/2 EGD. Dot blot analysis of the hlyA-specific mRNA of H202-treated and untreated cells indicated a slight increase of LisO-specific mRNA under oxidative stress (Fig. 6a) . This is in contrast to the synthesis of the p60-specific mRNA, which was significantly reduced under oxidative stress (Fig. 6b) growth but may be involved in the uptake of L. monocytogenes by nonprofessional phagocytic mammalian cells (1, 9) . A significant increase of hlyA-specific mRNA was observed in heat-shocked L. monocytogenes EGD cells (Fig. 6c) , whereas the amount of hlyA-specific mRNA in L. monocytogenes 1/2a Mackaness was similar in heat-treated and untreated cells (Fig. 6d) . This is in agreement with the previous observation (1) that strain 1/2a Mackaness already synthesizes high levels of listeriolysin at 37°C, in contrast to most other L. monocytogenes 1/2a isolates (Fig. 1) . Again the amount of p60-specific mRNA was reduced under heat shock conditions compared with the amount synthesized at 37°C (Fig. 6e) . This was similar in both L. monocytogenes strains (data not shown). DISCUSSION The present report extends our previous observation (20) that LisO is induced under heat shock conditions. This appears to be a rather general property (5, 19, 21, 23) , it is possible that the additional HSPs of L. monocytogenes serve specific functions in the intracellular survival of the bacteria during an infection. The identification of a nonvirulent mutant that is impaired in the synthesis of listeriolysin due to a deletion in an open reading frame located far upstream of the hlyA gene appears to be in line with this assumption. This mutant not only has lost the capability of expressing listeriolysin but also is impaired in the synthesis of several HSPs, all of which belong to the group of L. monocytogenes-specific HSPs. This supports the notion that genes determining stress proteins may be under the control of a common element(s) that responds to environmental stress factors. One important parameter that may induce bacterial stress proteins, especially in phagocytic cells, is the presence of oxidants. As previously shown (16) , several stress proteins are induced by oxidative stress (H202) in S. typhimurium. Some of them, e.g., DnaK protein, are induced by heat and elevated levels of H202, whereas others, e.g., GroEL, are induced by heat but not by H202 (16) . Listeriolysin, which is so far the only protein known to be necessary for intracellular survival of L. monocytogenes in phagocytic and nonprofessional phagocytic mammalian cells, is efficiently synthesized under by both stress conditions. Induction of listeriolysin occurs under heat shock conditions and also to a lesser extent under oxidative stress conditions.
Increased levels of hlyA-specific mRNA suggest that induction occurs at the transcriptional level. This contrasts with the significant decrease in the level of mRNA and the amount of protein p60. This protein appears to be necessary for the uptake of L. monocytogenes by nonprofessional phagocytic host cells but not for intracellular survival (9) . The fact that listeriolysin is efficiently synthesized under both stress conditions, heat and H202, underlines the central role of this toxin in intracellular survival.
